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ABSIIRACT

‘1’hc  growth of CiaN by nlctalorganic-chemical  vapor deposition on (111) and (100)

magnesium aluminate (MgAlz04)  substrates is examined usitlg,  transmission electron

microscopy. ~’hc results indicate that mainly wurtz,ite  GaN is g,rowll for both orientations.

On the (11 1 ) substrate the following cpitaxial relationship is observeci:  (0001 )GaN II

(11 l) MgAlz04  and [ 1 l~O]GaN II [ 1 iO]MgAlz04.  IJuring  the early stages of the (100)

growth, four orientations of the wurtzitc  phase and a z,inc-blcndc phase, are formccl. With

increasing thickness, one of the wurt~ite  orientations domillatcs, with the epitaxial

relationship being ( 1 ]01 )GaN II ( 100)MgAl?04  and the [ 1 120](.iaN near] y parallel to

[01 1 ]MgAlz04.  ‘1’his choice of growth orientation appears to be dctcminccl primarily by

the nature of the intcrfacial bonding, wilh the bas:il plnne of each of the four wurtzitc GaN

variants being nearly aligned along one of the four { 111 ) planes inlcrseeting the ( 100)

surface of the MgAlz04.



l$itaxial  GaN films have recently attracted much intcrcs[ duc (o [heir optoelectronic

applications in the blue/ultra violet regime and for their high tcnlpcrat  urc stability. 1 C1aN

can exist in two crystalline structures: wurtz,itc  and zinc-b]  clldc,  wi(h the wurlz,ite phase

being more commonly grown cpitaxially.  The zinc-b]mdc phase, Ilowcver, is expected to

have lower activation cncrgics  for clopantsz  than the wurt~,itc  GaN and also to be

cryst:~llogra]) }]ic:llly  amenable for the fabrication of cleavage Pace( mirrors necessary for

laser diodes. Since bulk GaN substrates are not currently available, the films are generally

grown on basal plane sapphire substrates. Sap])hire is the substrate of choice because of the

case of surface cleaning and its stability at the high ten)peratures  I equircxl for GaN growth.

The lat(icc mismatch (Ad/et) of GaN is about 14% for ~’,rowtb on basal plane sapphire. This

high lattice mismatch results in an extremely high density of structural defects in the GaN

layer. Therefore, the search for a substrate having a closer lattice match to GaN is being

actively pursuccl.

GaN has been grown on silicon tcrlninatecl  611-SiC  substrates which have the

closest lattice match to GaN (Acl/ci = 4%). However, lhese surfaces are cxtrcmcly  hard to

clean. Ziinc-blendc  CiaN has been grown on ( 100) oriented GaAs and Si substrates.3’4

Again, high lattice mismatch (20%) poses a significan~  problcm with GaN growth on these

substrates and in the case of GaAs the problem of substrate dccolnposition  exists at the

high growth temperatures required for GaN growth.

in the present stu(iy, the growth of GaN by low pmsurc mtalorganic  chemical

vapor deposition (1. PM OCVI))  on cubic MgAIz O.4 substrates was examined. Cubic

MgA1z04  has a spincl-type crystal structure with the OXYgCII :~toll~s  fornling a facc-

ccntcrc(i-cubic  sublatticc  ancl the Al and Mg a(oms occupying the octahedral and tetrahedral

sites, rcspcctivc]y.  ‘1’hcsc substrates have a lower l:itticc  mismatch (Ad/d = 10%) with GaN

than sapphire, arc easy to clean and arc stable at high ~rowth  tcny)cratures.



GaN films were grown on nominally ( 111 ) and ( 100) oricntc(i MgAl  L04 substrates

in an 1.PMOCW1) systcm at 76 tom. These orientations were chosen  so that (hc ( 11 I )

substrate having (hrcc-fold  syrnmctry  WOUIC1  promole wurtzite  GaN growth and on the

four-fold symmetric ( 100) substrate the zinc-blcnde phase woLIld bc grown. ‘1’hc source

gasm used wctc trietllylg:lllilllll  and ammonia. ‘1’hc films were grown using a two-step

process. A thin (-200~) ‘buffer’ layer was grown at about  550C)C, followed by growth  at

about 10OOOC for the remainder of the film (few microns).  l’] iM spccin]ens  were prepared

using standard procedures of nmcbanical  thinning followed by argon-ion milling at 5kV

and 0.51NA to achieve electron transparency. Subsequently, the ClaN films were

characterized by transmission electron microscopy (’I’13M) usi~lg a ‘1’opcon  0021) and a

JliOI.  4000FX high resolution microscopes operating at 200 and 400kV respectively. The

(1 11 ) oriented substrates were also examined using a JliOI, Atomic Resolution Microscope

at (he National Center  for Electron Microscopy, Berkeley, CA,

As expecte(i,  the GaN film grown on (11 1 ) M.gAlz04 was wurtyitc  single crystal

and had the following orientation relationship with the substrate: (OOOl)C~aN  II

(1 1 l) MgA1204  and [1120]GaN II [1 ~O]MgAlZ04,  The GaN film contiguous to the

intcrfacial  region exhibits a high density of stacking faults (I;ig. 1 ). IIowcvcr,  the

crystal ]inity of the GaN film is comparable to that of good quality GaN films grown on

sapphire substrates. A ( 11 O) Faceted MgA1204 step (SCC arrow) is seen at the interface, ‘1’hc

step does not appear to introduce any additional defects in the GaN layer.

On the ( 1 00) MgAlz04  substrate, a far mole complicated microstructure was

observed at the hctcrointcrfi~cc, lnstea{i of a single z,in~-blcnde  phase as would be cxpcctcct

from the symmetry constraints, the GaN film was found to contairl  five different regions,

four being wurt~,i(c  orientation variants and one z,inc-blende  ptlasc. Basal plane (0002)

latliec fringes were clearly observe(i  from two wurtz,itc  variants which have mirror

symlnctry across the substrate (01 1 ) plane, al~d having  thei[ < I I 20> axes parallel to the

[0 1 I ] axis of the substrate. I;ig,ure 2 shows the presence of three (Iomains,  two wurty.i(c



variants and a z,inc-blcndc  phase. ~’hc wurtzi(c domains appear to have a high density of

stacking faults whereas the Y,inc-blcndc  CraN domains, albeit small in siz,e,  arc relatively

defect free. l;or the other two wurtz,itc variants. Ihe so-called ‘rolatcd wurtzik’  (fJig. 2)

ml y the ( 1101 ) planes were clearly resolved silice in tt lese cases [Ile direction orthogonal to

the [ 11 20] axis namely the [ 1102] axis, is neally  parallel to the [01 1 ] axis of the substrate.

With increasing layer thickness, site-cc)l~l~)etilioll  appears to have occurred during

the grow(b, with the wurt~,ite  becoming the dominant phase in the upper layers of the film

as cvidcnccd  by a large area diffraction pattern from the film and substrate (Iiig. 3). Note

that lhe (0001 )GaN spot is not atigncd  wit]) the (1 ] 1 )MgAlzO1$  spot on the diffraction

pattern. in fact, there is a small angle (- 4°) between [hc two. Similarly there is a (-2°) tilt

be.twccn the ( 1101 )~;aN plane  and the (200)Mg,AI~(J4  plane. ‘1’here appears to be little

distoltioll iIl thC  ZUl~]C bCtWCCll thC (()()() 2)~aN allC]  [Ile ( ] ]()] )~zlN p]aIleS; tk Il]CaSUled

value is close to the relaxed value of -62°. Thus the overall orientation relationship for the

wurlzite film can bc cxprcssccl as the following: (1101 )GaN marl y parallel to ( 100)MgA1204

and the [ 11 20]C;aN parallel to [01 1 ]MgAIz04. temperature, geometry, facetting,  bonding.

‘1’hc experimental results point to substrate surface symnletly being a factor in the

choice of cpitaxial  orientation for the GaN film. F;or .g[owth on ( 11 l)Mg.A1204 the

orientation relationship is as intuitively expected from the match of the three fold

symmetries of the substrate surface and the basal plane of the wur[~itc.  The prcfcrcncc for

nucleation on the ( 11 I ) surface is evident fmn the lack of any ]nisorientcd  nuclei forming

on the ( 11 O) step facet as seen in l;ig. 1. As opposed to a single Ijhasc growth on ( 111 )

substrates, growth on ( 1 00) substrates is composed of multiple phases nucleated

hctcrogencously  at the interface. ‘]’hc presence of the ~,incblende phase is indicative of more

conducive intcrfacial  bonding conditions for the ( 100) substrate ttiat could be responsible

for its stability. llowcvcr,  the wur(~,i(e isla]]ds arc Inore numerous than the z,incblcndc

islands and thcrcforc could not have been formed by IIuclcation on inclined ( 111 ) facets of

the Zincblcndc  phase.
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It was shown earlier- by Yang er al s that growth temperature plays a critical role in

(ictcrmining  tiw pi)ase of GaN being dcposik[i  on ( 1 I i ) GaAs surfaces. ‘1’hcy foun[i that

(1 i 1 ) z,inc-bknde  CiaN is grown below anti (0002) wllrtz,ite  GaN above 8000C. I ]owcvcr,

Iilcrc was a significant difference in the growth behavior of the (iaN on CiaAs ( 11 I )A

surfaces versus  ( 11 1 )J] surfaces. They found that the crystal linity of the zincblencie  CJaN

grown on ( i 11 )]] surfaces was poorer than ON ( 1 i 1 )A GaAs surfaces. Thus, it coul(i be

inferred from their results that ii is harder to nucleate the zincblendc  GaN phase on anion

terminated ‘R’ surfaces. Extending the above assumption to other anion terminated surfaces

such as tile oxygen terminated (0001) sapphire or (11 1 ) MgAi204, one coui(i propose that

the growth of Y,incblcn(ic  GaN would be extremely cliff icult at any temperature on surfaces

terminated by strongly electronegative atoms. ]ndccd, in this ~ork,  although the initial

growth temperature (-550°C) was much below 800”C the formation of the zinc-b] en(ie GaN

phase was suppressed on ( 111 ) MgA12C)4.  on the ( 100) substrate however, some 7,inc-

bicn(ie nuclei have formc(i  during the initial stages of growth with a m:(jority of the nuclei

being wurly,itc  GaN. Therefore, the fourfo]ci  ( 100) sub~trate surface symmetry cioes  appear

to infiucncc the growth of tile GaN, perhaps by lovcring  the activation barrier for the

formation of tile z,incblcn(ie  phase.

Ti]c formation of four wurtz,ite variants on the ( i 00) Mp,A1204 substrate can be

cxplaincci  by noting tile correspon(icnce  of ti]c basal pianes  of each variant with one set of

inc]inc(i ( i 1 I ) piancs in tile substrate. ‘1’hc snlall angle (-4°C)  observe(i  in tile (diffraction

pattern (I;ig. 3) between tile basal planes of the wurtyite  GaN and ti~c ( 111 ) planes of tile

MgAi204 coulci be due to tile ovcrail  siip in the GaN crystal pro(iucc{i  by tile higi~ dcnsily

of stacking fauits.

I;urther stu(iy is rcquirc(i to understan(i  tile relationship imtwecn tile nature of

intc. rfaciai bon(iing  an(i ti]c crystaiiinc  phase of GaN stabili~,c(i  by the MgA1204  surface

oricnta~ion. A rnuitipiicity  of bor~ds arc possibic  at ti~c intcrfacc bctwccn ti~c cations, Ga, Ai

arl(i Mg, ar](i the anions O an(i N, lca[iing to complex charge balance mlationsi]ips.  Atomic



simulations of the ( 100) and ( 111 ) oricn(ed MgA 1204 substmtcs  were performed by I>avics

ct, al.6 Although  these surfmc models  am high] y idealistic, they serve as a good stariing

point to understand the intcrfacc structure. Acceding to IIavies’ model the most stab]c

( 100) surface is tcminated  by Mg atoms. in order t{) maintain charge neutrality on the

surface, half of the Mg, sites on the surface arc vacant. On the ( 11 I ) surface the most stable

surface is initially Al terminated with half the Al sites I)cing occupied. ‘1’hrougb  a process of

‘inversion’, some of the Al atoms exchange sites with underlying hfg atoms, giving rise to

a more stable surface. “J’hus the deposited GaN cm these two surfaces sccs very different

bonding environments in each case (1 1 1) and ( 100) arlcl local val iations in bonding on the

(100) surface could bc responsible for the presence of the five oricntatim variants.

in summary, wc have examined [hc f,rowth  of GaN by 1.PMOCVI) on (1 1

( 100) oriented M.gAl-204  substrates. The growth on (1 11) substrates results in a

1 ) and

single

phase wurtzite GaN growth with good crystallinity.  Growth on (1 00) oriented substrates

results in a multiphasc  growth with five orientation vat iants.  lnterfacial  boncling  rather than

gross lattice mismatch appears to play a kcy role in dctcmnining  the cIJitaxial  behavior of the

GaN films.
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IJist of Figures:

1. Iligh resolution cross-sections] transmission elcctr{m  micrograph  of the interface of the
GaN film grown on (1 11) MgAlz04: A (1 10) faceted MgAl?04 step (see arrow) is seen at
the interface.

2. }]igh resolution cross-sectional transmission electr~m micrograph  of the interface of the
GaN film grown on (1 00) MgAlz04. 7’hree (;aN don]ains  are sce[l: two wurtzite variants
and a zinc-blende.  phase.

3. (loss-sectional diffraction pattern from the GaN fill~l  grown ml ( 100) MgA1204.
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